The contact gasket stress distribution and the hub stress of pipe flange connection under external bending moment and internal pressure are analyzed using three dimensional elasto-plastic FEM. The effect of external bending moment on the sealing performance is evaluated and the amount of the leakage is predicted using the contact gasket stress distribution. From the obtained FE analyses, it is found that a large decrease in the contact gasket stress at the tension side occurs and a small increase at the compression side occurs. The difference in the change in the contact gasket stress occurs due to the non-linear hysteresis characteristics of stress-contract curve of the gasket (spiral wound gasket) used in the study. The FE analyses also suggest that the loading order, that is, the following two cases are analyzed, 1) an internal pressure is applied at first and then the external bending moment is applied to the connection, 2) the external bending moment is applied to the connection and then the internal pressure is applied, also affects the sealing performance due to the non-linear contract characteristic of the gasket. The sealing performance when the external bending moment is applied prior to the internal pressure is degraded more than that when the internal pressure is applied prior to the external bending moment. The leakage tests using helium (He) gas and the measurement of the hub stress were carried out, and then the amount of the leakage was measured. The amount of leakage from the connection is predicted using the contact gasket stress distribution obtained from FE analyses and the results are in a fairly good agreement with the measured results. It is found that the effect of the external bending moment is substantial on the sealing performance of the connections. Also, the calculated hub stresses are fairly consistent with the measured results.
Introduction
The sealing performance of pipe flange connection depends on the contact gasket stress. The contact gasket stress changes with external loadings, such as internal pressure and external bending moment. In order to maintain the adequate sealing performance, it is important to keep the sufficient contact gasket stress under the external loading conditions. The external bending moment is one of the important factors to be taken into consideration in designing the pipe flange connection as well as internal pressure to avoid an unexpected leakage in operation. The internal pressure reduces the contact gasket stress while the axial bolt forces increase. The external bending moment also reduces the contact gasket stress at the tension side by inducing the asymmetric contact gasket stress distribution. In addition, it is known that the reduction in the contact gasket stress due to external bending moment is larger than that due to internal pressure. Some investigations (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) have analyzed the effect of external bending moment on the contact gasket stress and discussed the optimization of the flange design methodology accounting for the effect of external bending moment on the sealing performance of the pipe flange connections. However, the effect of the external bending moment is not fully elucidated on the amount of gas leakage from the connection subjected to the external bending moment and internal pressure. In addition, a method to predict the amount of gas leakage has not been established yet while some researches have been carried out to predict the gas leakage of the connection under internal pressure. It is necessary to establish a method for predicting the amount of gas leakage from the connection under the external bending moment and the internal pressure. Those studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , referred above, suggest that the significant effect of non-linear hysteresis of the gasket contract (compressive deformation) curve on the sealing performance in pipe flange connection is substantial when the external bending moment is applied. The stress distribution of pipes, which are connected to the connections, is symmetric under the bending moment, while the contact gasket stress distribution in the connection is not symmetric due to the non-linear hysteresis contract of gasket. It is well known that the elastic modulus of the gasket at loading is much smaller than that at unloading. Therefore, the contact gasket stresses change more under unloading condition than that under loading condition. Sawa et al. suggested that the external bending moment induced the leakage when the contact gasket stress reduced to the equivalent internal pressure, P eq (11) . They concluded that the minimum required contact gasket stress to avoid the leakage was more than the internal pressure when the internal fluid was water (1, 2) .
In practice, the pipe flange connection is subjected to external bending moment at the bolt initial clamping state due to misalignment in addition to the internal pressure during operation. Sometimes the connections are also subjected to the external bending moment due to thermal deformation condition, earthquake and so on. It is concerned about a loading history, in other words, loading order affects the contact gasket stress distribution because of the non-linear contract characteristic of the gasket. However, the effect of the loading order on the characteristics of pipe flange connection with gasket is not examined yet. Therefore, the issue to be examined is the effect of loading order on the characteristics of the pipe flange connections. Here, the loading order is assumed to be the following two typical cases, 1) the internal pressure is applied prior to the external bending moment, 2) the external bending moment is applied prior to the internal pressure. The effect of the loading order above mentioned has not been studied on the sealing performance of the connections. Thus, it is necessary to investigate the effect of the loading order on the sealing performance of the connections taking account the nonlinear hysteresis contract characteristic of spiral wound gaskets (SWG) which have been used in actual connections in chemical plants and so on. The objectives of the paper are, firstly, to predict the amount of the gas leakage from the connection under the external bending moment and the internal pressure and, secondly, to examine the effect of the loading order on the contact gasket stress distribution and the amount of gas leakage.
So, the detail finite element (FE) analyses for the pipe flange connections under external bending moments as well as internal pressure are conducted and the predicted amount of the gas leakage is compared with the experimental leakage test results in this paper. Beside, the effect of external bending moment on the sealing performance of pipe flange connection and the loading sequence, that is, the loading order mentioned above are discussed. The stress distribution at the hub in pipe flange connection under externally loaded condition is also discussed from the strength design standpoint of pipe flange. Figure 1 shows the schematic experimental setup for measuring the amount of gas leakage from the connection under external bending moment used in this study. The hub stress is also measured in this test. The pipe flanges are connected with 8 bolts and a non-asbestos spiral wound gasket (SWG) is inserted in the connection and then the connection is subjected to internal pressure as well as external bending moment. The material of weld neck type pipe flange connections is low alloy steel, SFVC2A (Japan Industrial Standard, JIS) and that of the bolts is carbon steel, S45C (JIS). The filler of SWG is the expanded graphite. Figure 2 shows the detail dimensions of pipe flange, gasket and bolt. The pipe flange used is class 600 flange and its nominal diameter is 3 inches. Strain gauges are attached to the shank of each bolt as shown in Fig. 2 for controlling the initial axial bolt forces and for monitoring the change in the axial bolt forces. Figure 3 shows the photograph of the experimental setup.
Nomenclature

Experimental Method
Leakage test
The pipe flange connection is assembled with the initial assembling bolt force, F f , and then it is internally pressurized with an external bending moment. The bolts and nuts are tightened with uniform axial bolt forces by monitoring the strain gauges attached to the shank of each bolt. The internal pressure is applied using He gas and the external four-point bending moment is applied to the connection using hydraulic cylinders. The axial bolt forces are continuously monitored with the strain gauges during the test. The internal pressure is measured using a pressure gauge. The leakage is measured using the change in internal pressure (pressure drop method) monitored with the pressure gauge. The test temperature is also monitored. Since the total amount of leakage is small in the test, the leak rate is corrected by taking into account the change in ambient temperatures.
The hub stress, h σ , in the connection is also measured using 3-axial strain gauges in the four-point bending test. Figure 4 shows the locations of strain gauges attached. The leakage test conditions are described as follows;
Contact gasket stress, z σ : 50, 80, 100 MPa Internal pressure, P: 4MPa Bending moment, M: 2.5 to 10.5 kN-m Here, the contact gasket stresses are the stress at the assembled stage, that is the loading condition. The effect of the loading order, for applying the internal pressure and the external bending moment, on the sealing performance of the connection is also examined. The following two cases are examined in this study.
Case #1: Internal pressurization prior to external bending moment Case #2: External bending moment prior to internal pressurization The sealing performance of the SWG itself is firstly measured according to JIS B 2490 "Test method for sealing behavior of gaskets for pipe flanges" (12) . In the test, the leak rate is measured as a function of contract of the SWG. Figure 5 shows FE model for analyzing the contact gasket stress distribution and the hub stress distribution in the pipe flange connection. Since the four-point bending moments are applied to the connection in the experiment, the half model of the connection is analyzed in the FE analysis. The total number of the nodes and elements employed are 61966 and 54680, respectively. The elastic modulus of pipe flange connection is chosen as 206GPa and that of the bolt as 205GPa.
FE analysis
The FE code employed is ANSYS. The linear stress distribution due to the external bending moment is applied to the end of pipe. In order to apply the measured stress-contract curve, the non-linear FE analysis is employed (13) . The initial assembling bolt force is applied in the FE analyses at first.
Thereafter, the internal pressure and the external bending moment are applied in turns according to the above mentioned procedure. Figure 6 shows the boundary conditions for pipe flange connection in the FE analysis. Figure 7 shows the measured stress-contract curve of SWG. Figure 8 shows the gas leakage test results using He gas as a function of e gasket contract obtained from the JIS B 2490
Results and discussions
Leakage test
(12) test method. It is found that the leak rate decreases with an increase of the gasket contract. The relationship between the leak rate and the gasket contract is expressed as the following Eq. This equation is applied in the FE analyses for estimating the leak rate. The contract of SWG is applied in the FE analysis and the amount of leakage from the gasket is predicted using Eq. (1). When the contact gasket stress/contract in the connection is not uniform, the gasket is divided into 16 parts in the radial and the circumferential directions. Using the contact gasket stress at the divided part, the leak rate of each division can be predicted. Thereafter, the total amount of leakage in the pipe flange connection is obtained by summarizing the amount of leakage for each part. Figure 9 shows the relationship between the contact gasket stress and the leak rate under internal pressure and bending moment obtained in the leakage tests. Figure 9(a) shows the test result for the external bending moment of M=2.5 kN-m. Figure 9(b) shows the test result for the external bending moment of M=5 kN-m. The designation ■ in Fig. 9 represents the test results for Case #1, in which the internal pressure is applied prior to the external bending moment. The designation • in Fig. 9 shows the test results for Case #2, in which the external bending moment is applied prior to the internal pressure. Regardless of the magnitude of the external bending moment in the leakage tests, the loading sequence affects the sealing performance, in particular in the case of lower gasket stress. The leak rate is less sensitive to the external bending moment in the case of the higher contact gasket stress. The leak rate for Case #2 is found to be higher than that for Case #1. The difference is assumed to occur due to the asymmetric hysteresis loop of gasket behavior shown in Fig.7. Figure 10 shows an example of stress distributions at the gasket and the hub in pipe flange under the internal pressure and the external bending moment obtained from the FE analysis. It is shown that the contact gasket stress and the hub stress (the principal stress at the flange hub) are distributed along the circumferential direction as shown in the figures. The axial bolt forces are assumed to be uniform in the FE analysis. Figure 11 (a) shows the change in the contact gasket stress for Case #1. The contact gasket stress slightly decreases as the internal pressure increases, however, the significant change in the contact gasket stress is not found. Besides, no change in the contact gasket stress distribution along the circumferential direction is induced due to the internal pressure. On the other hand, the external bending moment induces the significant contact gasket stress distribution along the circumferential direction. Figure 11 (b) shows the change in the contact gasket stress for Case #2. The significant contact gasket stress distribution induces when the external bending moment is applied and it decreases as the internal pressure increases. The contact gasket stress at the tension side in Case #2 is as almost the same as that in Case #1. However, the contact gasket stress at the compression side in Case #2 is smaller than that in Case #1. As the result, the average contact gasket stress in Case #2 is smaller than that in Case #1. Since the sealing performance of the pipe flange connection depends on the contract of the gasket which is a function of the contact gasket stress, the difference in the contact gasket stress induces the difference in the sealing performance between Case #1 and Case #2 shown in Fig. 9 . Thus, it can be concluded that the sealing performance in Case #2 (External bending moment prior to the internal pressurization) is worse than that in Case#1(Internal pressurization prior to the external bending moment).
FE analysis
The asymmetric contact gasket stress distribution occurs due to the non-linear hysteresis of the employed gasket contract curve. Figure 12 schematically explains the change in the contact gasket stress using the stress-contract curves of the gasket. The numbers (1), (2) and (3) described in Fig. 12 correspond to the test step in Fig. 11 . The elastic modulus of the gasket at the loading stage is much smaller than that at the unloading stage. Therefore, the change in the contact gasket stress distribution is not symmetric under the external bending moment, and the reduction in the contact gasket stress at the tension side is much larger than the increment in that at the compression side. The contact gasket stress at the tension side decreases along the unloading curve as shown in Fig. 12 . It is seen that the effect of the loading is small on the contact gasket stress at the tension side while it is significant at the compression side. In Case #1, the contact gasket stress at the compression side uniformly decreases as the internal pressure increases at first. Then, it increases as the external bending moment increases. In that process, it increases along the unloading curve inversely with the high elastic modulus. When the contact gasket stress exceeds the assembled stress, it gradually increases along the loading curve with the small elastic modulus. In Case #2, the contact gasket stress at the compression side increases a little along the loading curve as the external bending moment increases.
Then, it decreases along the unloading curve as the internal pressure increases. Since the considerable increment in the contact gasket stress is not found when the second loading, internal pressurization is applied in Case #2 , the contact gasket stress at the compression side in Case #2 is smaller than that in Case #1 and the smaller average contact gasket stress yields. Figure 13 shows the effect of the contact gasket stress on the leak rate for the connection obtained from the leakage test and the FE analysis results. The leak rate is estimated by the following procedure using the FE analysis.
1. Calculate the contact gasket stress using FE analysis 2. Estimate the contract of gasket using the stress-contract curve shown in Fig. 7 3. Predict the leak rate using Eq. (1) As shown in Fig. 13 , the values of the leak rates obtained from the FE analysis are in a fairly good agreement with the experimental results. The results suggest that the sealing performance of pipe flange connection can be estimated using the above mentioned procedure. It also can be assumed the difference in the loading order on the sealing performance. According to those results, it can be concluded that the non-linear hysteresis affect the sealing performance of pipe flange connections subjected to external bending moments. Figure 14 shows the hub stresses in the pipe flange obtained from the FE analysis and the experimental tests. It is shown that the FE results are fairly coincided with the experimental results. It is observed that the hub stress increases linearly with an increase of the external bending moment. Since the hub stress of pipe flange connections so sensitive to the external bending moment, the hub stress should be significantly taken into consideration in designing the pipe flange.
Hub stress
Conclusions
In the present paper, it is pointed out that an important issue is to establish a method for predicting the amount of gas leakage from the pipe flange connection under external bending moment and internal pressure. Then, a method for predicting the amount of leakage from the pipe flange connection is demonstrated and the effect of the loading order of internal pressure and the external bending moment is investigated on the sealing performance of pipe flange connections. In addition, the hub stress of the connection under the external bending moment is also examined. The following results are obtained. 1. A method for predicting the amount of gas leakage from the pipe flange connections is demonstrated using the experimentally obtained relationship between the contact gasket stress and the leak rate, and the contact gasket stress distributions obtained from the FE analysis. The sealing performance of pipe flange connections subjected to the internal pressure and the external bending moment is experimentally and numerically evaluated. It is found that the effect of external bending moment on the sealing performance is more significant than the internal pressure. 2. The FE analyses reveals that the external bending moment induced the asymmetric contact gasket stress distribution due to the non-linear contract characteristic of the gasket. 3. The loading order, the internal pressure and the external bending moment, also affects the sealing performance of pipe flange connections. It is found that the sealing performance of the connection in Case#2 (External bending moment prior to internal pressure) is worse than that in Casae#1 (Internal pressurization prior to external bending moment). It is noticed that the loading order should be taken into account in practical design for the pipe flange connection as well as the nonlinear contract characteristic of the gasket. 4. The hub stress is found to be sensitive to the external bending moment. The FE analyses and the experiments suggest that the hub stress is one of the most important factors in designing the pipe flange. 
